The world community has committed to eliminate the HCFC-22 refrigerant to a series of 
GWP
Global Warming Potential at 100 years h Enthalpy (kJ·kg and R417A are two of the most widely recommended fluids, which were analysed by Fernández-Seara et al.(2010) , Rosato et al. (2009 ), Aprea et al. (2004 and Torrella et al. (2010) .
In refrigeration at low temperatures, however, two of the most frequently recommended drop-in fluids are R422A and R417B, which correspond to ternary blends of R134a, R125 and different hydrocarbons (iso-butane for R422A and n-butane for R417B) in order to improve the oil mixing behaviour with mineral (MO) lubricants. These last refrigerants were designed in order to match as far as possible the typical properties of R22. However, according to the manufacturers, reductions in capacity and COP can be expected, depending on the refrigeration system. This claim was verified by Arora and Sachdev (2009) using a theoretical approach. Regarding the retrofit R22 substitutes, the options are R404A and R507A, which are also blends of chlorine-free substances, although they are not compatible with MO lubricants.
It is therefore necessary to substitute the existing lubricant by polyol-esters (POE) oils. The performance of these last refrigerants, R404A and R507A, is similar (Llopis et al., 2010) .
This communication intends to contribute to the experimental research on the process of substituting R22 in existing equipment for low temperature applications by chlorine-free refrigerants. Accordingly, here a theoretical and experimental approach is used to compare the process of substituting R22 by two drop-in substances, R417B and R422A, and by a retrofit refrigerant, R404A. The evaluation was conducted with a two-stage vapour compression plant driven by a compound compressor for a wide range of evaporating and condensing temperatures (Llopis et al., 2010; Llopis et al., 2011; Torrella et al., 2009 ) by comparing the performance of the thermodynamic cycle. In the communication, the main energy parameters, i.e. capacity and COP, are discussed and analysed.
THERMODYNAMIC PROPERTIES OF THE REFRIGERANTS
Drop-in fluids are designed to match performance characteristics of the refrigerant they are to substitute as closely as possible and the retrofit refrigerants are able to operate in existing plants provided some modifications of different elements in the plants. For the R22 substitute fluids considered in this work (R422A, R417B and R404A), whose composition and main thermodynamic properties are presented in Table 1 and their P-h diagrams in Figure 2 , all have a slightly higher pressure for a given phase change temperature than R22, the total compression ratios being similar. One difference is that the substitutes have a temperature glide, which makes them unsuitable for flooded evaporators, although R404A has proved to be applicable (Barreau M. et al., 1996) . Another important difference is that there is an important reduction in the latent heat of phase change (h fg ) compared to R22, which will tend to reduce the capacity provided by the plants. However, the specific volume at suction is reduced for all of them, which will compensate for the reduction in the latent heat of phase change. 
The results are presented in Figure 3 for the VCC and in Figure 4 for the COP, for three evaporating levels for a fixed condensing pressure of 40 o C. The percentage reduction of these parameters with regard to the R22 values is also specified. analysing the theoretical COP (Figure 4) , an important reduction is always detected for the three substitute fluids. Nonetheless, all these parameters have been obtained with a theoretical analysis, and no real effects of the compressor have been taken into account. In addition, the refrigerant manufacturers state that the performance of R22 substitutes might differ depending on the refrigeration system being analysed. Accordingly, this evaluation has been completed with the experimental analysis of the refrigeration plant, which is detailed in Section 4.
EXPERIMENTAL FACILITY AND MEASUREMENT TESTS

Experimental test plant
The experimental plant used for the energy evaluation of the four fluids corresponds to a twostage refrigeration plant, which was initially designed for operation with R22 (Llopis et al., 2010; Torrella et al., 2009) . A schematic diagram of the plant is shown in Figure 5 . The compressor is a two-stage 4kW semihermetic compound compressor; condenser, evaporator and subcooler are brazed-plate heat exchangers; the evaporating process is controlled by a thermostatic expansion valve with external equalization and the subcooling process with a thermostatic expansion valve. 
Test procedures and measurements
The objective of the evaluation was to study the energy performance of the refrigerants when operating at the same evaporating and condensing temperatures, by performing a thermodynamic cycle analysis. Accordingly, the base of comparison recommended by
Radermacher and Hwang (2005) was followed. This criterion considered the condensing temperature for a vapour quality in the condenser of 50% and the evaporating temperature corresponding to the mean enthalpy value in this heat exchanger, that is, the average enthalpy of the refrigerant at the inlet and outlet of the evaporator. Considering this criterion, the four refrigerants were evaluated in a wide range of evaporating temperatures for a fixed condensing temperature of 40 o C while keeping the compressor speed at its nominal value (1450 rpm). The condensing level was achieved by adjusting the inlet temperature of the cooling water to the condenser. The refrigerants were all tested using POE lubricant oil (viscosity index 120).
Regarding the operation of the plant with the refrigerants, for the drop-in fluids (R422A, R417B) the only modification carried out was the adjustment of the thermal expansion valves in order to obtain the same degree of superheat at the evaporator as that of R22, based on dew-point temperature. For R404A, however, the two R22 expansion valves were replaced by equivalent valves for the new refrigerant. The entire tests with the substitute refrigerants were repeated twice with no appreciable variations in the energy performance.
ENERGY COMPARISON AND DISCUSSION
This section presents and analyses the experimental results of the evaluation of R22 with some possible substitutes for low evaporating temperatures, namely, the drop-in fluids R422A and R417B and the retrofit refrigerant substitute R404A. The evaluation covers an evaporating temperature range from -31 to -17 o C for a fixed condensing temperature of 40 o C. The discussion focuses on the main energy parameters, i.e., the cooling capacity of the plant (̇)
and Coefficient Of Performance (COP).
Cooling Capacity
The cooling capacity of the two-stage plant can be evaluated with Equation 3, as a product of the refrigerant mass flow rate through the evaporator (̇) and the specific refrigerating effect ( ). This last parameter can be expressed as the difference in enthalpy at the exit of the evaporator (ℎ , ) and at the exit of the condenser (ℎ , ) plus the increment in enthalpy due to the liquid subcooling at the subcooler (Δℎ subc ).
If the terms in Equation 3 are analysed, the refrigerant mass flow rate through the evaporator can be expressed with Equation 4, as a quotient of the volumetric efficiency at the low-stage ( , ) and the specific suction volume at the low-stage ( , ) multiplied by the compressor's displacement at the low-stage (̇, ) that is a constant parameter for all the refrigerants.
The experimental measurements of the refrigerant mass flow rate through the evaporator are presented in Figure 6 . As can be observed, with the three substitute refrigerants, there is an important incremental difference in the refrigerant mass flow rate. This difference can be caused by either the specific suction volume or the volumetric efficiency at the low-stage (Equation 4). The volumetric efficiency for the three refrigerants, however, remains equivalent (variation less than 10%). The main reason for this incremental difference being the high reduction in the specific suction volume with the new refrigerants, as presented in Table 1 .
This incremental difference in the refrigerant mass flow rate will trend to compensate for the reduction in the latent heat of phase change of the new refrigerant in terms of capacity. can be expressed as the difference in enthalpy of the refrigerant at the exit of the evaporator and at the exit of the condenser, plus the increment in enthalpy due to the subcooling process.
This last parameter depends on the thermal effectiveness of the subcooler ( ) and the difference in enthalpy of the saturated liquid at the condensing and inter-stage temperatures.
The enthalpy values are properties of the refrigerant, although the thermal effectiveness of the subcooler depends on the heat transfer coefficients of each refrigerant and could present variations. The experimental measurements are presented in Figure 7 for the specific refrigerating effect and in Figure 8 for the thermal effectiveness of the subcooler. As can be analysed in Figure 7 , there is an important reduction in the specific refrigerating effect for the three refrigerant substitutes, as expected by their P-h diagram (Figure 2) , especially for the drop-in fluids. This term includes the difference in enthalpy due to the subcooling process (Δℎ subc ), which depends on the thermal effectiveness of the subcooler, which presents important variations (Figure 8 ). It needs to be highlighted that the thermal effectiveness of the subcooler is reduced for the three substitutes, especially for R404A.
Finally, in Figure 9 , the measured capacity is presented for all the refrigerants for a fixed condensing temperature of 40 o C with a measurement uncertainty of 3.2%. As can be observed, with regard to the performance of R22, with the drop-in fluids there is an important reduction in capacity, whereas for R404A there is an increase in capacity, especially at high evaporating temperatures. These trends are in agreement with the theoretical analysis presented in Figure   3 . For the case of R404A, the reduction in the latent heat of phase change is compensated by the incremental difference in the refrigerant mass flow rate. However, with the drop-in fluids, the increment in the refrigerant mass flow rate is not capable of compensating entirely for this reduction. 
COP
Finally, the most important energy parameter of the refrigerating plant is the COP. This can be evaluated with Equation 6, where (̇) is the cooling capacity of the cycle, which has been analysed previously, and ( ) is power consumption of the compressor, which is measured in the plant. reductions with regard to R22 COPs are -26.0% for R422A, -21.6% for R417B and -20.9 for R404A, whereas the theoretical reductions at the same evaporating and condensing levels were -14.0% for R422A, -12.7% for R417B and -10.1 for R404A. The reason of these differences, as analysed before, mainly depend on the reduction of the cooling capacity and the increase of the power consumption of the compressor for the drop-in refrigerants, and the increase of power consumption of the compressor for the R404A.
CONCLUSIONS
In this work, substitution of R22 with chlorine-free refrigerants has been analysed from an energy point of view. The selected substitutes were two recommended drop-in fluids for low temperature applications, R422A and R417B, and one retrofit refrigerant, R404A. The four fluids were tested in the same test plant, which was designed for operation with R22, over a wide range of evaporating temperatures for a fixed condensing temperature of 40 o C.
The experimental measurements showed that when using any of the substitute fluids there is an important incremental difference in the refrigerant mass flow rate through the plant, which in some cases would make it necessary to readjust the expansion valves of the system.
Regarding the energy performance of R22 substitutes, it must be highlighted that an important reduction in the capacity has been measured when using the drop-in fluids R422A and R417B, whereas, for the retrofit refrigerant R404A the capacity is enhanced to an important degree.
Regarding the COP of the plant, the reduction in COP with any of the tested fluids is important and is greater than the values predicted by a theoretical analysis. This fact must be seriously considered if R22 is going to be replaced. It needs to be remarked that the comparison of the refrigerants analysed in the paper was performed under a thermodynamic cycle analysis, hence, if the performance is analysed using external loads, the behaviour may vary. Table 1 . Physical, environmental and safety characteristics of the refrigerants (Calm and Houranhan, 2007; Lemmon et al., 2007) 
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